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ABSTRACT 


A  method  of  detecting  high  velocity  micro-particles 
optically  is  studied.  The  particles  pass  through  a  narrow 
beam  of  light  and  scatter  light  into  a  photomultiplier  tube. 
This  thesis  studies  the  feasibility  of  replacing  the  photo¬ 
multiplier  with  a  photodiode  and  associated  solid  state 
electronics.  The  potential  advantages  of  this  method  are 
discussed . 

Calculations  are  made  showing  it  is  theoretically 
possible  to  detect  the  micro-particles  in  the  present 
charging  system  using  a  photodiode.  A  solid  state  optical 
detection  system  is  designed  and  tested.  Tests  with  the 
micro-particle  charger  indicate  that  the  amount  of  useful 
scattered  light  received  by  the  solid  state  optical  detector 
is  very  much  below  that  calculated.  There  are  indications 
that  very  large  micro-particles  are  detected.  However,  it 
is  concluded  that  further  major  changes  of  the  optical 
detection  system  are  required  to  provide  reliable  detection 
of  all  sizes  of  micro-particles  of  interest. 
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INTRODUCTION 


McKinley*  has  considered  meteor  phenomena.  One 
particular  aspect  of  the  subject  is  the  micrometeoroid,. 
These  micrometeoroids  are  thought  to  be  minute  iron 
particles  with  a  high  nickel  content  and  range  in  size 
from  0.3  to  300/U.  Due  to  their  extremely  small  mass 
micrometeoroids  are  able  to  enter  the  earth’s  atmosphere 
without  burning  up.  These  micrometeorites  are  decelerated 
to  their  terminal  or  "free-fall"  velocity  which  is  quite 
slow.  It  may  take  up  to  a  month  for  a  micrometeorite  to 
reach  the  surface  of  the  earth;  and  form  what  is  known  as 
meteoric  dust.  Various  estimates,  and  data  obtained 
from  the  Explorer  1  satellite,  on  the  amount  of  meteoric 
dust  reaching  the  earth  range  from  a  few  hundred  to 
10,000  tons  a  day.  The  apparent  density  of  these  micro¬ 
meteoroids  in  space  has  led  to  concern  regarding  the 
effect  they  will  have  on  space  vehicles,  particularly 
on  extended  voyages  in  space.  Since  it  is  difficult 
to  study  the  effect  of  micrometeoroid  impact  while 
in  space,  some  means  of  simulating  these  micrometeoroids 
in  the  laboratory  is  desirable. 


*  McKinley,  D.W.R. :  "Meteor  Science  and  Engineering", 
McGraw  Hill,  1961.  This  book  also  has  a  very  good 
bibliography  on  work  related  to  meteor  science  and 
engineering  up  to  1961. 
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With  this  in  mind  the  University  of  Alberta  is  in 
the  process  of  designing  an  ion  dust  accelerator  which 
will  simulate  the  micrometeoroids  of  outer  space.  At 
present  a  micro-particle  charger  has  been  constructed  in 
which  iron  micro-particles  of  from  2  to  10/x  in  diameter 
are  brought  to  velocities  of  about  0.5  km/sec. 

Detection  of  these  particles  can  presently 
be  accomplished  by  two  methods: 

a)  Detection  by  means  of  the  charge  on  the 
micro-particles . 

b)  Optical  detection,  whereby  the  micro-particle 
passes  though  a  narrow  beam  of  light  and  the 
light  so  scattered  is  detected  by  a  photo¬ 
multiplier  tube. 

The  optical  system  has  the  advantage  that  the 
micro-particles  are  still  detectable  after  their  charge 
has  been  removed. 

This  thesis  is  concerned  with  a  study  of  the 
feasibility  of  using  a  solid  state  optical  detection  system 
consisting  of  a  photodiode  and  semiconductor  electronics 
in  place  of  the  photomultiplier  tube. 
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CHAPTER  2 


Signal  Light  Pulse  Charac t eristics 
Before  a  decision  can  be  made  on  the  adequacy  of  the 
photodiode  in  detecting  the  microparticles,  consideration  must 
be  given  to  the  type  of  light  pulse  signal  expected. 

1 . 1 )  Pulse  Duration 

The  micro-particle  charger  will  charge  small,  s’  '.erical, 

(3 

iron  particles  of  2  to  10  macrons  (1  micron  =  10  m)  diameter  to 
a  potential  of  about  20Kv.  These  particles  will  be  ejected  into 
a.  2  mm.  diameter  light  beam  at  velocities  from  0.1  to  O.b  km/sec .  , 
the  velocity  varing  inversely  as  the  particle  diameter . 

Assuming  that  the  light  beam  is  uniform,  the  moving  particle 
will  scatter  a  square  light  pulse  of  from  h  to  20  microseconds 
duration . 

1.2)  Light  Pulse  Amplitude 

The  micro-particles  pass  through  a  light  beam  with  an 
approximate  wavelength  of  6000°A.  Therefore  the  ratio  of 
particle  diameter  to  the  wavelength  of  the  light  lies  approxi¬ 
mately  between  3  and  17.  Van  de  Hulst^^  has  shown  that  such 
micro-particles  will  scatter  incident  light  almost  isotropically. 

The  light  power  received  at  a  distance  r  from  the  particle 


is : 


(Area  of  the  intercepting  surface)xL 
i-i  —  o 

r - - 

Area  of  the  sphere  with  radius  r 
Where  Lq  =  the  light  power  scattered  by  the  micro-particle. 
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Figure  1-1  Isotropic  Light  Scattering  by  a  Micro-particle 


Refering  to  figure  1-1,  if  the 
particle  is  '  a  ’  , 

Then : 

T  (  sf  /k)  L  a2L 

L  =  o  =  o 

r  -  - 


diameter  of  the  micro 


(1.1) 


,2  2 

4  r  lor 

The  ratio  of  light  power  scattered  by  the  micro-particle  to 
the  light  powpr  available  in  the  beam  is  eaual  to  the  v,atio 
of  the  light  intercepting  area  of  the  micro-particle  to  the 
area  of  the  light  beam,  assuming  perfect  reflectivity.  This 
can  be  expressed  as: 


L 

o 


(1.2) 


Where : 


W  =  the  light  power  in  the  beam 


d  =  the  diameter  of  the  beam 
B 


Substituting  equation  (1.2)  into  equation  (l.i)  results  in 


L  = 
r 


aSv 


2  ° 


l6d^r 


(1.3) 


* 
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For  example ,  if : 


a  =  2x10  °m  and  the  diameter  of  the  light 


beam  is  2mm.,  then  the  light  power  received  at  a  distance 

-2  _  _i4 

r  -  10  m  from  the  particle  is  0.25x10  of  the  available 


light  power  incident  in  the  beam. 

The  present  light  source  available  is  an  arc  light  :"hich 

is  capable  of  putting  about  100  milliwatts  into  a  2mm  diameter 

light  beam.  In  the  situation  above,  therefore,  the  optical 

detector  used  must  be  able  to  detect  a  light  signal  pulse  in 

-15 

the  order  of  0.25x10  watts. 

Factors  which  will  influence  the  sensitivity  of  the 
optical  detection  system  include: 

a)  Distance  the  light  sensitive  device  can  be  placed 
from  the  source  of  the  light  pulse  signal. 

b)  Area  of  the  light  collecting  surface  of  the  light 
sensitive  device. 

c)  Effect  of  background  levels  on  the  operation  of  the 
light  sensitive  device. 

1.3  The  Light  Sensitive  Device 

The  photomultiplier  tube  presently  used  to  detect  the 
hyper  velocity  micro-particles  has  several  unsatisfactory 
features.  Among  them  are  high  cost,  large  size  and  the 
necessity  of  a  high  voltage  power  supply.  The  photomultiplier 
is  sensitive  to  ambient  light  levels.  Ambient  light  levels 
will  cause  a  direct  current  to  flow  in  the  dynodes  of  the 
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photomultiplier .  This  resilts  in  a  different  distribution  of 
the  dynode  potentials,.  The  secondary  emitted  electrons  may  no 
longer  be  properly  focused  and  the  secondary  emission  coefficient 
is  usually  reduced.  As  a  .result  the  sensitivity  of  the  photo- 

(2) 

multiplier  could  be  severly  affected  and  its  linearity  reduced. 
Higher  ambient  light  levels  would  increase  the  dynode  currents 
to  such  an  extent  that  the  photomultiplier  could  be  damaged. 

As  such,  elaborate  precautions  are  necessary  to  prevent  light 
from  the  light  beam  being  reflected  into  the  phot omultiplier 
under  quiescent  conditions. 

The  photodiode,  however,  is  both  extremely  small  and 
relatively  inexpensive.  It  requires  only  low  voltages  for  its 
operation  and,  as  will  be  shown  below,  the  photodiode’s  sensi¬ 
tivity  to  a  pulsed  light  source  is  only  slightly  affected  by 
the  ambient  light  level. 

The  characteristic  curve  at  a  given  light  input  level 
of  a  typical,  photodiode  is  shown  in  figure  1-2. 


Figure  1-2  Photodiode  characteristic  curve. 
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Referring  to  figures  1-2  and  1-3 ,  at  bias  voitapes  above 
the  saturation  voltage  the  photodiode  approximates  a  perfect 


current  source,  i. e.  it  has  a  very  la  ge  dynamic  resistance 
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Figure  1-3  Equivalent  Photodiode  Circuit 

As  the  ambient  light  level  increases  the  Photodiode 

current  I,,  will  increase  and  the  voltage  drop  across  the 
d 

photodiode  ,  will  decrease.  However,  as  long  as  the  voltage 
drop  is  greater  than  the  saturation  voltage  the  sensi¬ 
tivity,  ^d,  will  be  approximately  constant,  where  L  is  the 
dL 

incident  light  flux  upon  the  photodiode.  Thus  the  sensitivity 
of  the  photodiode  to  pulsed  light  is  unimpaired  as  the  ambient 
light  increased  up  to  the  point  where  the  device  saturates. 

The  upper  limit  of  the  ambient  light  which  can  be 
tolerated  is  the  amount  of  light  power  required  to  produce  the 
photodiode  saturation  current,  Id  =  (V  -V  )/Rd. 


.  ...  '  -  '  * 
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is  the  available  supply  voltage  and  R^  is  the  photodiode 
bias  resistor,, 

For  example,  if  R  =  1  megohm,  V  =  24  volts  and 
Vg  =  3  volts  then  I  would  be  20  microamps0 

A  typical  photodiode  would  require  about  three  foot 
candles  of  incident  light  flux  to  produce  this  current,,  Three 
foot  candles  is  about  the  light  level  found  outside  a  few  minutes 
after  sunset.  This  is  many  orders  of  magnitude  above  the  toler¬ 
able  quiescent  light  level  of  a  photomultiplier  tube. 

Presently  available  photodiodes,  however,  are  not  as 
sensitive  as  photomultipliers.  This  disa  .  rentage  is  offset  by 
the  small  size  of  the  photodiode  which  enables  it  to  be  placed 
closer  to  the  source  of  the  light  signal. 

1 . k  The  Photodiode 

The  photodiode  to  be  used  in  the  optical  detection 
system  should  be  as  sens..tive  as  possible  with  a  low  noise 
level.  It  should  also  have  a  rise  time  considerable  below  the 
expected  minimum  light  pulse  duration  of  4  microseconds.  Inves¬ 
tigation  of  current  data  sheets  resulted  in  the  opinion  that 
the  Texas  Instrument's  LS400  photodiode  would  be  a  /rood  choice 
considering  the  parameters  of  sensitivity,  noise  figure,  rise 
time  and  cost. 

1.4.1  Sensitivity 

The  rated  sensitivity  of  the  LS400  pnotodiode  is  7  micro¬ 
amps/foot  candle.  Since  the  area  of  the  photodiode  front  lens 


r 


' 


is  3-55x10  m  the  sensitivity  of  an  non-optically  assisted 

LS400  is  114  microamps/microwatt  of  light  flux. 

The  minimum  amount  of  signal  current  I_  which  can  be 

detected  is  limited  by  the  noise  generated  in  the  Photodiode 

and  associated  resistors.  The  noise  generated  in  the  ohoto- 

diode  is  in  the  form  of  shot  noise  current  I  «  Shot  noise 

n 

occurs  whenever  a  current  flows  and  is  due  to  the  randomness 
of  the  final  arrival  of  the  carriers.  This  randomness  gives 

r 

rise  to  a  uniform  frequency  spectrum  of  noise,  I  is  related 
to  the  direct  current  in  the  photodiode  by  the  Schottky 

.  .  (3) 

equation 


(I  )2  =  2q ( I  +  It)B 
n  S  L 


(1.4) 


Where 
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q  =  charge  on  an  electron  =  1,6x10  coulomb.' 

I  =  leakage  current  of  the  photodiode 

i_j 

(I  *1  )  =  irect  current  in  the  photodiode 
S  L 

B  =  bandwidth  of  the  system  !xlO°  cps, 

'  rrent  of  the  LS400  photodiode  was  meas- 

sured  and  found  to  vary  linearly  with  the  bias  voltage,  bias 
resistor  remaining  constant.  The  circuit  used  for  the  measure¬ 
ment  is  shown  in  figure  1-4,  The  bias  resistor  used  was  the 
input  impedance  of  the  oscilloscope  (1  megohm).  The  leakage 
current  measured  with  a  1  megohm  bias  resistor  and  <-. >  -4  volt 

bias  supply  Vp,  with  no  light  excitation  on  the  photodiode  was 

-12 

100x10  amps. 
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Figure  1-4  Measurement  of  the  Photodiode  Leakage  Current 

The  noise  voltage  e  .  which  will  appear  at  the  input 

m 

of  the  amplifier  will  be  the  result  of  the  thermal  noise  voltage 
generated  in  R^  and  the  noise  voltage  due  to  the  shot  noise 
current  of  the  photodiode  through  R^  „ 

Therefore : 


—  _  /  2  T2  2 

e  .  —  /  e  _  +  I  R , 
ni  I  nR  n  d 


Where 


e  _  =  4kTR,B 
nR  d 


(1-5) 


which  is  the  thermal  rms  noise  voltage  produced 

.  .  (5) 

m  a  resistance 


Where : 


k  =  Boltzmann's  con 


stant  =  lo 374x10  Joules/0 


K 


T  =  Temperature  in  degrees  Kelvin 
B  =  Bandwidth  of  the  amplifier 

Therefore  equation  (l„5)  ma.Y  be  written  as: 


e~.  =  4kTR  ,B  +  2q(I_  +  I  )R  ,B 
ni  d  o  L  a 


(1.6) 


It  is  desired  that  the  signal  voltage,  e  be  about  ten  times 

s 


. 
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the  rras  noise  voltage 0 
Therefore : 

e  =  I  R  =  lOe 
s  s  d  ni 

Substituting  for  e  .  in  equation  .1*6  results  in  a  quadratic 

ni 

in  e  : 
s 

e2  -  20qe  R  B  -  10(^+kTR,B  +  2qITR2B)  =  0 
s  s  u  q  ii  d 

For  example,  assuming  a  value  of  1  megohm  and  B  =  lO^cps, 

e  can  be  calculated  from  equation  (108)  to  be  about  1«3  mv 
x 

rms o  Therefore  the  minimum  detectable  signal  current,  I  , 

s 

-9 

is  approximately  lo3xl0  arcs. 

Since  the  sensitivity  of  the  photodiode  is  11 4  micro- 

-ii 

amps/microwatt,  a  light  flux  of  1*3x10  watts  incident  unon 

the  photodiode  is  needed  to  produce  I  .  The  light  beam  power 

s 

available  at  present,  is  not  adequate  to  produce  a  scattered 

light  pulse  of  sufficient  magnitude  such  that  there  will  be 

1.3x10**^  watts  incident  upon  the  face  of  the  photodiode* 

(The  available  light  power  is  at  least  2  orders  of  magnitude 

below  that  required).  Some  means  of  increasing  the  apparent 

sensitivity  of  the  photodiode  is  therefore  required* 

1 . 5  Increase  of  the  Apparent  Sensitivity  of  the  Photodiode 
by  Means  of  a  Lens  System 

The  addition  of  a  lens  system  effectively  increases 
the  light  collecting  area  of  the  photodiode*  This  in  turn 
will  increase  the  sensitivity  of  the  system  and  thus  enable  a 
reasonable  light  beam  power  to  be  used* 


... 


' 


t* 


. 


(11) 


If  g  is  the  eflectivity  of  the  particle,  then  from 
equation  (l„2)  the  lig;h.t  reflected  from  the  particle  is  now: 


L 

o 


4Wa2g 


d,a) 


It  was  found  in  section  1„2  that  the  light  scattered 
by  the  mic'o  : article  is  isotropic,,  Assume  a.  collecting  lens  of 
diameter  d  meters  is  placed  outside  the  light  beam  a  distance 
x  meters  from  the  particle  path„ 


Figure  1-6  Collecting  Lens 

The  total  scatteied  light  intercepted  by  the  lens  is 


L  =  Lo 
r  4tt 


(1.9) 


Where  It  is  the  solid  angle  subtended  by  the  lens  and: 


n 


2(  £■ 

2frR  J)  sinQ  IQ 


R 


Where  referUng  to  figure  1-6, 


R  is  the  radius  of  the  sphere 


< 


' 
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subtended  and  is  the  angle  formed  between  the  centerline 

to  the  lens  and  R0  0T  =  tan’  x 

L  x 

Therefore , : 


^  =  2tt  ( l-cos©  ) 

L 


d.io' 


Substituting  equations  (1.8)  and  (1.10)  into  equation  (1.9) 


gives 


r  _  Wa  g(l~cos©T ) 

Li  —  L 

r - - - — - 


2d 


B 


(1.11) 


Solving  for  the  beam  rower,  .7 ,  reauired 

m  2L  d-p 

W  =  r  B 


2 

a  g( 1-cos ©T ) 

1j 


(1.12) 


An  approximate  value  of  the  beam  power  reauired  can  be  found 
if  the  parameters  of  equation  (1.12)  are  estimates  ass 

L  =  l„3xl0  ^  wat vs  as  found  in  section  1.4.1 

r 

d  =  2x10  J  meters  (light  beam  diameter) 


B 

a 


=  2x10  meters  (micro-particle  diameter) 


g  =  0o5  reflectivity  factor  (assumed) 


Q 


L 


=  tan  ^  — —  where  d  =  10  ^  meters  (collecting  lens  diameter) 
x 


a 


-2 

nd  x  =  10  meters  (distance  collecting  lens 


is  from  the  particle  path) 

Substituting  the  above  into  equation  (1.12)  results  in 
W  =  0„7  milliwatts.  This  light  power  concentrated  in  a  2mm 
beam  can  readily  be  obtained  using  a  concentrated  arc  light 


wm;  h 


Set  JL  e  U  V  XcXv. 


i  i- 


a  o  o  i ) 


Jt  IOC 


r>  t  i  r  e 


light  output  is  of  optimum  wavelength  for  the  photodiode.) 


!  a  ,  4  <  t 


' 


•v  • 
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The  optical  system  which  will  be  used  to 
is  discussed  in  section  4.3.1. 

1.6  Biasing:  of  the  Photodiode 

The  signal  to  noise  ratio  of  the 
upon  the  bias  resistor  R^  in  figure  1-7° 


V. 


LS400 


— e 


assist  the 


photodiode 


photrdicde 


is  denenden t 


Figure  1-7  Photodiode  Biasing: 

Ideally,  for  best  signal  to  noise  ratio,  R  should  be  very  large, 

However,  as  R,  is  increased  the  rise  time  of  the  above  circuit 

d 

increases  if  the  stray  shunt  capacity,  C ^ ,  remains  constant. 

fc> 

This  will  place  an  upper  limit  on  R^ e 
1  * .6 c 1  Photodiode  Response 

Measurement  of  the  rise  time  of  the  LS400  photodiode, 
connected  as  in  figure  1-7  with  R^  =  2.2K  and  =  24  volts, 
was  attempted.  The  small  value  of  R^  used  reduces  the  effect 
of  any  stray  shunt  capacity  to  an  insignificant  factor  in 
determining  the  rise  time  of  the  photodiode.  The  excitation 
was  provided  by  a  General  Radio  Strobo-tach  which  has  a  one 
microsecond  pulse  width  of  roughly  triangular  shape  and  an 
estimated  rise  time  of  from  0  3  to  0.5  microseconds.  The  rise 


. 


time  r  :  ..Gurea  at  point  A  in  figure  1-7  was  0.5  microseconds,, 

The  rise  tine  of  the  photodiode  is  therefore  less  than  0.5 
microseconds,  exact  measurement  of  which  is  limited  by  the 
experimental  apparatus.  Thus  the  rise  time  of  the  photodiode 
will  have  little  effect  upon  the  expected  system  rise  time. 

The  combination  of  R^  and  the  expected  stray  shunt 
capacity  will  largely  control  the  system  rise  time  and  as 
such  put  a  limit  upon  R  .  It  is  expected  that  a  system  can 
be  designed  with  a  shunt  capacity  of  about  2  pf.  This,  therefore 
puts  an  upper  limit  on  R^  of  about  1  megohm  if  a  suitably 
fast  system  response  is  to  be  obtained.  (The  required  system 
response  is  discussed  in  section  2.1.5°)®  It  was  noted,  pre¬ 
viously  that  R^  should  be  large  for  a  large  signal  to  noise 
ratio.  Therefore  a  choice  of  the  maximum  value  for  R  =  1  meg¬ 
ohm  can  be  made.  This  will  give  an  expected  signal  voltage 
in  the  range  of  at  least  lOmv. 


.  .  . 
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CHAPTER  2 

Amplifier  Design  Requirements 
The  design  creteria  for  the  amplifier  are  set  by  the 
characteristics  of  the  -photodiode  and  the  type  of  signal  which 
is  expected. 

2.1.1  Optimum  Source  Impedance 

From  section  1.6.1  a  value  of  source  resistance,  R - , 

d 

of  the  order  of  1  megohm  was  chosen.  For  a  min  mum  noise  figure 

the  optimum  source  impedance  of  the  amplifier,  R  ,  should  be 

equal  to  the  source  resistance. 

For  a  junction  transistor  the  optimum  source  impedance 

can  be  approximated  by:  R  =  I h„  h„, 
r  J  o  v  fe  lb 


This  implies  that  with  R  =  1  megohm  and  hf| 


100,  h„,  must 
ib 


be  equal  to  100  kilohms.  Using  the  relationship  between  the 


transistor  collector  current  I  and  h 

c  ib 

26  millivolts 


i.  e .  h 


ib 


(2.1) 


the  collector  current  of  the  junction  transistor  should  be 
in  the  order  of  300  nanoamps.  It  would  be  extremely  difficult 
to  operate  a  junction  transistor  at  this  collector  current 
and  still  maintain  an  adequately  high  cut-off  freauency. 

A  solid  state  device  which  has  an  optimum  source  impe¬ 
dance  in  the  range  of  1  megohm  at  normal  operating  conditions 

(*o 

is  the  junction  field  ef  ect  transistor. 


\  - 


t 


-l6- 


2.1.2  Input  Impedance 

At  low  frequencies  the  amplifier  may  be  represented 

as  an  ideal  amplifier  with  c  n  input  impedance  .  The  photo- 

diode,  a  current  source  (section  1,3),  may  also  be  represented 

as  a  voltage  generator  with  the  source  resistor  R^  in  series. 

The  input  resistance  of  the  amplifier  should  be  much 

greater  than  the  bias  resistor  R,  so  it  will  have  a  minimal 

d 

effect  upon  the  operation  of  the  photodiode.  If  R^  is  made 
very  large  R  may  be  increased,  ii  needed,  at  a  later  date  with 
no  changes  in  the  amplifier. 

A  field  effect  transistor  amplifier  can  be  readily 
designed  which  will  have  a  low  frequency  input  impedance  of 

R.V>  1  megohm.  The  calculated  noise  figure  of  such  an  amplifier 

l 

will  be  about  1.04.  (Appendix) 

2.1.3  Frequency  Response 

It  was  observed  in  section  1.1  that  the  input  light 


pulses  will  be  4  to  20  microseconds  in  duration.  The  renuired 
system  rise  time  can  therefore  be  found  assuming  that  a  ten 
percent  signal  loss  on  the  4  microsecond  pulse  can  be  tolerated 


r 

0.9 

I 

Y 


Figure  2.1  Response  of  system  to  4  microsecond  square  light  pulse 
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The  standard  exponetial  response  formulae  may  be  aunlied  to  the 
above  figure. 


Where 


f  t/-v\ 

eo(t)  -  ESSfi  -  e  J 


(2.4) 


e  ( t ) 
o 


=  output  voltage 


E  =  steady  state  output  voltage 


SS 
t 


=  time  in  seconds 


6 


Ess 


-  OoP  when 


t  -  4xK  '  seconds  (pulse  width) 


Then  the  time  constant,  1  =  1.?  microseconds. 


The  rise  time  required  of  the  system  is: 


t  ss'  t  -  -  t., 
r  1 


(2o5) 


t^  is  the  time  required  to  reach  ten  percent  of  the  pulse 
amplitude  (figure  2.1),  and  may  be  found  from  formula  7  - 1 
Where  s 

e  (t)  =  0.1  units 
o 

E„c  =  1.0  units 

O  O 


*x 


1.7  microseconds 


A  value  for  t^  of  0.17  microseconds  is  thus  found.  Substi¬ 
tuting  into  equation  2.5  results  in  a  required  system  rise  time 
of  3-83  microseconds. 

There  are  three  factors  which  will  influence  the  system 


rise  time: 


1)  Rise  Time  of  the  Photodiode 


The  photodiode  rise  time  was  investigated  in 


. 


' 


'  t 
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section  l06ol  and  found  to  be  less  than  "microseconds.  It 
therefore  will  have  insignificant  effect  upon  the  system  rise 
time  o 

2)  Voltage  Response  Rise  Time  of  t^e  Amplifier 

The  voltage  response  of  the  amplifier  should 
have  a  rise  time  less  than  Vz  microsecond  in  order  to  have 
minimal  affect  upon- the  system  rise  time.  This  can  be  done  if 
the  upper  corner  frequency, f  b>is  greater  than  or  equal  to 
800  kilocycles  since  t  —  2u.,..Ap  — 1—2.  ^  ^ 

V 

3db 

3)  RC  network  formed  at  the  Input  of  the  Amplifier 

by  the  Source  Resistance  R^  and  Stay  Shunt  Capacity, 

This  RC  network  is  the  most  important  factor 
influencing  the  system  rise  time.  As  such,  the  physical  con- 
figuration  of  the  input  stage  and  the  signal  source  wiring 
becomes  critical  if  the  stray  shunt  capacity  is  to  be  kept  to 
the  necessary  minimum0  Capacity  neutralization  will  also  be 
necessary , 

The  low  frequency  :ut~cff  si  01  Id  be  such  that  there  is 
no  more  than  a  10%  droop  on  the  longest  expected  pulse  width 
of  20  microseconds  duration,  A  lower  corner  frequency  of 
600  cps  will  meet  this  requirement  and  is  a  high  enough  fre¬ 
quency  so  as  to  reduce  60  cps  pick-up, 

2,1,4  System  Gain 


At  quiescent  conditions  a  noise  output  level  of  about 


...  ~ 


!  -0.  . 


' 


' 
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50  mv.  peak  to  peak  is  desired.  This  will  result  in  a  one 
centimeter  display  on  a  standard  oscilloscope  running  at  maxi¬ 
mum  gain.  As  such  no  further  amplii ication ,  external  to  the 
oscilloscope,  would  be  required  to  detect  a  signal.  The  incut 
noise  level  is  assumed  to  be  chiefly  the  noise  voltage  generated 
in  the  source  resistance  (section  1.4.1)  and  an  amplifier  gain 
of  at  least  100  will  result  in  a  quiescent  noise  level  out nut 
of  10  mv  rms. 

2 . 2  Summary  of  Amplifier  Requirements 

1)  Input  impedance  very  much  greater  than  1  megohm. 

2)  Optimum  source  impedance  approximately  eciual  to 
1  megohm. 

3)  Upper  corner  frequency  equal  to  or  greater  than 
800  kilocycles. 

4)  Amplifier  gain  greater  than  or  equal  to  40  db. 

A  single  ended  amplifier,  with  a  hybrid  compound  F.E.T. 
in  source  follower  configuration  (figure  3-6)  as  the  imnut 
stage,  can  be  designed  to  meet  all  the  above  requirements. 


« 
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Amplifier  Electrical  Design 

3 . 1  Input  Stage 

The  basic  circuit  of  a  hybrid  compound  F0EoT0  source 
follower  is  shown  in  figure  3»1« 

- 
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Figure  3°1  Hybrid  Compound  Source  Follower  F<,E0T. 

This  compound  c onf igur ation  may  be  considered  as  a 
single  field  effect  transistor  with  following  common  source 
parameters 


(18) 

gis 

=  gis 

(3.1) 

gfs 

* 

gfshfe2 

(3.2) 

g  ’ 

6rs 

grs 

(3.3) 

g'os  hfe2^gos 


+  h  0) 
ob2 


Where 


h 


f  e2 


h 


fe2 


R 


R  +  h . ,~h _  „ 
ib2  fe2 


(3.4) 


(3.5) 
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The  primed  parameters  refer  to  the  compound  F.E.T..  The  sub¬ 
script  ”2"  refers  to  the  silicon  junction  transistor  Q.p „ 

* 

h~  „  refers  to  the  effective  beta, 
i  e2 

AT  E.T.  with  good  transconductance,  bandwidth  and 
noise  figure  should  be  used  for  Q  0  Q  should  be  a  hiph  pain, 
medium  bandwidth  junction  transistor.  Choices  of  a  2N2606 

and  2N3707  were  made  for  and  p.  respectively. 

''I  d 

A  collector  current  I  p  of  one  milliampre  will  enable 
the  2N3707  to  operate  at  near  maximum  beta  and  bandwidth.  To 
maintain  a  high  input  impedance  the  gate  of  the  2N2606  should 

(7 ) 

not  become  forward  biased  with  respect  to  the  source. 

This  implies  that  the  drain  current  Ip  should  be  less  than 

I___  (value  of  the  drain  current  when  the  gate-source  voltage 
DSS 

is  zero).  is  therefore  biased  to  operate  at  about  50  micro¬ 

amps  drain  current  which  is  well  below  the  data  sheet  speci¬ 
fication  giving  Ipgg  a  value  of  170  microamps. 

To  keep  the  impedance  levels  high,  the  supply  voltage 
Vp  should  be  resonable  high  but  sufficiently  low  to  prevent 
breakdown  of  the  semiconductor  devices.  24  volts,  being  readily 
available  and  of  adequate  level,  is  chosen  for  Vp. 

Measurements  on  Qp  showed  an  hfe„  ^00  and  a  Vpp2 
of  O.63  volts.  The  base  current,  Ip ,  with  a  one  milliampre 
collector  current,  is  therefore  1/400  milliampre  =  2.5  microamps 
The  value  of  R  in  figure  3-1  may  now  be  calculated. 


R  =  VBE2  = 
TR 


V 


BE2 


ID  "  XB2 


,  ? 


, 


■ .  •  :v 


' 

. 
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and  at  the  operating  currents  chosen,  R  =  13=3  K.  The  nearest 
standard  value  results  in  R  =  12  K. 

The  effective  beta  of  maY  now  be  calculated  from 

* 

equation  (3*5)®  ^fe2  “  assumTng  that  h^.^  =  26  ohms  as 

can  be  found  from  equation  (2,1), 

The  gate-source  bias  point  of  the  F.E.T.  which  will 

allow  50  microamps  of  drain  current  to  flow  was  found  to  be 

V  =  0.9  volts  as  observed  on  a  curve  tracer.  This  also 
GS 

puts  the  bias  point  well  into  the  pinch-off  region  i.e.  the 
linear  portion  of  the  curves,  if  a  source-drain  voltage  equal 
to  -5  volts  is  chosen.  The  pinch-off  voltage  of  the  F.E.T. 
is  -2  volts. 

R  in  figure  3~1  may  now  be  chosen.  If  is  set 

equal  to  -l8  volts  this  will  still  leave  adequate  voltage  drop 

across  Q,  and  Q„  and  allows  a  fairly  high  value  of  R  =  18  K. 

3.1.1  Input  Stage  Characteristics 

The  measured  parameters  of  were  taken  from  the  input 

and  output  characteristic  curves. 

-  6 

g  „  =  200x10  mhos 

°f  s 

-6 

g  =  0.3x10  mhos 

os 

-12 

g  =  2x10  mhos 

r»  r* 


g .  =10 

D1S 


•  12 


mhos 


The  conductance  parameters  for  the  hybrid  compound 
F.E.T.  are  found  from  equations  (3®1)  to  (3®*0® 


' 


- 
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g£s  =  0.052  mhos 


g°  -  0-073x10  mhos 

os 


.-•X 


g*  =  2x10 
rs 


12 


mhos 


g?  =  10  ^  mhos 
is 

The  source  follower  input  stage  characteristics  may 
now  be  calculated; 

The  voltage  gain  is: 


p ' 5  R 

AVS  “  5 


1  +  <? 5  R 
4  s  S 


=  0.998 


The  output  impedance  is: 


(3.6) 


1 


OS 


s 


=//Rg  =  19  o  1  ohms 


f  s 


(3.7) 


The  input  impedance  is: 


Z 


1 


IS 


1  D 


10"^  ohms 


(3.8) 


3«lo2  Biasing  Network 

The  maximum  allowable  value  for  R  9  in  figure  3-2,  is 

determined  from  the  stability  considerations  and  is  calculated 

(8) 


f  r  om : 


R 


g(max 


_  AV 


gs (max ) 


(3.9) 


lGSS  (max ) 


Where : 


I  \  is  the  leakage  current  expected  in  the  F.E.T, 

GSS ( max ) 


and  may  be  estimated  to  be  about  5x10  ^amps.^  AV 


gs(max) 


- 


■  24- 
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Figure  3-2  Biasing  Network  of  the  Input  Stage 

is  the  maximum  allowable  change  in  V  so  that  there  will  be 

Go 

no  greater  than  a  -25%  change  in  the  compound  drain  current,  1^ 


AV  = 

Go 


AT 


;fs 


(3.9a) 


Therefore  from  equations  (3=9)  and  (3»9a)  R  may  be  calculated 

&  • 

to  be  100  megohms. 

The  capacity  voltage  divider  formed  by  and  the 
stray  signal  to  ground  capacity  C  could  limit  the  voltage 


gain  available  in  the  input  stage.  (Figure  3-3)  The  available 


Figure  3-3  Capacity  Voltage  Divider  Effect  of  C1  and  Cg 


'S’*  f  n  ity  r  '■< 
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...  ^ 


. 


voltage  gain  of  the  innut  stage  is  A 5  where 

v 


A* 

v 


=  A 


v 


1 


Cn  +  C 
1  s 


In  order  that  A'  A  ,  C  must  be  very  much  greater  than  C  . 

v  v  x  s 

The  low  frequency  cut-off  of  the  system  can  be  determined  by 
the  following  amplification  stages, 

A  convenient  choice  is  C1  =  0.005  rof«  which  results 
in  a  gain  reduction,  due  to  the  capacity  voltage  divider  of 
only  a  fraction  of  one  percent. 

The  source  follower  configuration  of  figure  3-2  result 


in  the  gate-source  capacity,  C  ,  of  the  F.E.T.  being  boot- 

gs 

strapped  to  an  insignificant  value  of  C  /(1-A  _ ) .  With 

rjr  gs  vS 

the  addition  of  one  capacitor,  the  power  supply  noise  is 

reduced  and  the  shunt  capacity  C_  inherent  in  the  resistor 

K 

s 

R  is  transferred  to  the  outputs  The  circuit  so  formed  in 

g 

figure  3-2  is  now  the  bootstrapped  bias  network  described 

(12) 


by  Edwards » 


Edwards  has  defined  a  =  g 

R„ 


(3.10) 


where,  in  this  configuration,  R  =  R  +  R, / /R~ «  (3° 11) 

U  g  X  c. 

If  a  is  set  equal  to  0.95  the  input  stage  will  require  only 
one  very  high  value  and  bulky  resistor,  R  . 

O 

The  impedance  of  should  be  very  much  lower  than  the 
impedance  formed  by  R?  and  its  shunt  capacity  CR  .  A  value 
of  C2  =  1.5C1  =  0.0075  mf.  will  be  adequate.  Also  this  ratio 
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of  C^/C^?  and  the  chosen  value  for  o.  9  when  applied  to  the 
equations  derived  by  Edwards  for  the  bootstrapped  bias  network 
result  in  the  following  values  for  the  network  ■parameters:: 

£  =  ~  Y  =  1  an(^  "  7°2  radians/second 

Where : 


^  is  the  damping  factor  and  the  network  is  critically 
damped  when  £  =  lc 

^  effects  the  shape  of  the  unit  step  response.  When 
£  =  £  the  initial  slope  is  zero,  y  determinis  the  frequency 

boost  introduced  and  when  y  is  negative  it  introduces  a  low 
frequency  boost.  ^  is  the  characteristic  frequency  of  the  net¬ 


work.  Y 


•1  and 


1  will  result  in  a  low  frequency  boost 


of  1.5  db.  The  peak,  of  the  boost  will  occur  at  a  frequency 
of  10.p.P^^ans/second  0.6  cps).  Since  the  following  amclifier 
stages  will  have  a  lower  corner  frequency  of  about  600  cps, 
the  low  frequency  boost  introduced  by  the  input  stage  will 
have  no  effect  upon  the  system. 

The  absolute  value  of  the  incut  impedance  of  figure 


3-2  will  approach  a  minimum  of  |  Z 


m 


=  R  at  low  frequencies 
S 


At  higher  frequencies  the  input  impedance  will  have  an  apparent 


value  as  high  as 

strapping  of  R  . 

S 


m 


=  R  /(1-A)  ~  10^  ohms  due  to  the  boot- 

e 


Thus  the  addition  of  has  no  detrimental  effects  on 


the  amplifier  when  considered  with  the  desired  system  perfor¬ 
mance,  and  does  result  in  some  improvement. 


. 


v  s  i  :r*A 

•fit*  «■'*»■"»  • 


, 


' 
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The  input  to  the  amplifier  may  be  represented  as  in 


figure  3-4. 


Figure  3-4  Input  to  the  amplifier 

C  is  the  stray  shunt  capacity  and  includes  the  F.E.T.  parallel 
s 

input  capacity  and  stray  input  lead  wiring  capacity. 

At  high  frequencies  C  becomes  the  dominant  term  of  the 

s 

input  impedance  to  the  amplifier.  As  discussed  in  section 

2.1.3i  C  in  parallel  with  bias  resistor  of  the  photodiode 
s 

will  be  the  principle  factor  limiting  the  rise  time  of  the 
system. 


3.1.3  Calculation  of  R  and  R^ 


It  was  found  in  section  3°1  that  a  V  =  0.9  volts 
is  needed.  This  results  in  a  source  voltage  V  =:  -18  volts. 


Figure  3-5  Bias  Voltages 


1 


-  -V-,  HI  '  ^  *  •  T! 
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From  figure  3-5, V  =  Vc 

VJ  U  v. 


V  -  I  R 
GS  GSS  g 


Using  the  values  found  for  I  and  R  discussed  in  section 

GSS  g 

3.1.2  V  is  found  to  be  -17.2  volts. 

uu 

Also s 


V  =  VpR2 
GG 


El+R2 


(3.12) 


And  where  Vp  =  2k  volts,  R^  =  0»4l  R^ 
From  equations  (3«U)  and  (3=1-): 


R  //R  =  R1R2 

R1  +  R2 


=  5.25  megohms 


And  from  equation  (3°  12),  R-,  =  7°5  megohms  and  Rp  =  18  megohms. 

The  closest  standard  value  is  R,  =  8.2  meghoms. 

Thus  the  component  values  of  the  innut  stage,  as  referred 

to  figure  3-2,  are: 

Rn  =  8.2  mogohms  =  0.005  mf 

Rp  =  18  megohms  0o  =  0.0075  mf 

R  =  100  megohms 

8 

R  =  l8  kilohms 

O 

3 » 2  Second  Stage 

The  second  stage  is  a  single  ended  complementary  com¬ 
pound  connected  so  as  to  give  the  necessary  gain  bandwidth  pro¬ 
duct  combined  with  a  moderately  high  inout  impedance.  The  com¬ 
pound  is  shown  in  figure  3-7  and  Edwards  has  shown  it  to  have 

^  (13) 

the  following  mixed  h  parameters: 


h  *  =  hib.l 
£7“ 

fe2 


h  * 
fe 


h  h ? 

f  el  fe2 


n 


' 


, 


- 
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h  ,  *  =  h  ,  _  +  ob2 

ob  obi  — — - 

h ' 
f  e2 


h  *  =  h  .  +  h .  h  _ 
rb  rbl  lbl  ob2 


Where : 


h'  ~ 
f  e2 


h  R 
f  e2 


R  +  (h.,0+r,)h„  ~ 
ib2  d  fe2 


Currents  of  120  microamps  and  1  milliamp  were  chosen 
for  Q  and  respectively.  At  these  currents  the  transistors 


are  operating  at  near  optimum  bandwidth  with  a  minimum  noise 


(13) 


Figure  3"?  Complementary  Compound  Block 

The  value  of  R  in  figure  3-7$  can  now  be  calculated 

from:  R  =  ' D  +  VBE2 


'Cl 


‘B2 


Where : 


=  the  voltage  drop  across  the  diode  D  =  0.6  volts 


V  ,  =  the  base  to  emitter  drop  of  transistor  Q?  =  0„2v 

BE2 

I  =  collector  current  of  transistor  Q_  =  120  microamps 
Cl  1 


’B2 


=  base  current  of  Q, 


r  3 

. 

,  ,  I 


* 


30 


Therefore  R  =  608  kilohms. 

With  R^  =  0,  the  circuit  is  a  complementary  comr 


ound 


in  common  collector  configuration  having  load  R^  and  voltage 


gain  A^  where: 


A 


vC 


1  -  h  * 
rb 


( 3  °  1*0 


1  ♦  (hib*)/R2 


and  input  impedance  Z._  =  h_  *R_//r- 

iC  fe  2  h 


ob2 


I'f  h'  _h  ,  _R,  1,  the  insertion  of  Rn  will  have 

fe2  ob2  1  N  1 

negligible  effect  on  the  performance  of  the  amplifier  as  seen 
from  point  C . 


VE  -  vc  +  VS 


VE  =  VC  + 


vE  =  (1  ♦ 


L*  =  1  +  1 

V 


R. 

R. 


The  ratio  of  ^1/R2  is  chosen  to  give  a  gain  of  about  13.  The 


v 


alue  of  R  is  chosen  large  enough  so  that  R2)>>hih*.  Values 


of  R  =  1„3K  and  Rp  -  120  ohms  were  chosen-  The  remaining 
resistive  components  of  the  second  stage  were  chosen  to  give 
the  proper  bias  points.  The  capacitors  and  C,  were  selec¬ 
ted  to  give  a  lower  corner  frequency  of  about  500  cps  and 
is  added  to  control  the  upper  frequency  response.  (Figure  3-8) 


■ 


3.2.1  Neutralization  of  the  Gate-Drain  Capacity  of  the  Input 

The  ®cond  stage  has  a  convenient  unity  gain  roint  at 

"C"  (see  Figure  3-9)  which  may  be  used  to  bootstrap  the  gate- 

drain  capacity  of  the  first  stage,,  This  neutralization  is 

accomplished  by  adding  a  resistor  R^,  in  the  drain  lead  of  the 

compound  F.E,T.  and  a  feedback  capacitor  Ch,  between  the  drain 

and  the  unity  gain  point  of  the  second  stage,,  (Figure  3-8) 

( 15 ) 

The  effective  C  ,  is  reduced  to  C  , / ( 1  -  A  -.A  n)  where 

gd  gd'  vl  vC 

A  ..  is  the  voltage  gain  of  the  compound  F.E.T.  stage  and  A  „ 
is  as  in  equation  (3d4).  The  value  of  R  is  chosen  by  consi¬ 
deration  of  the  loss  in  available  voltage  due  to  R„.  A  value 
of  =  io5K  reduces  the  available  voltage  across  the  compound 
F.EoTo  by  lo5  volts,  This  has  no  detrimental  effects  and  as 
such  it  is  not  necessary  to  reduce  RgC  The  value  of  is 
selected  to  give  an  adequately  low  cut-off  frequency  with  Rf„ 

Cj,  =  0S033  mfdo 

The  second  stage  and  feedback  configuration  is  shown 


in  figure  3-8. 


■ 


, 


' 


Input  Stage 


“32- 


Rg  =  1.5  megohms 


=  120  ohms 


Qc  =  2N1305 
7 


R^  =  20?  megohms 

Rg  =  6c8K 


R1X  =  15  K 

D2  =  1N456 


R 


1.5K 


Qj 


2N3707 


=  I5OO  pf 
C  =  0.033mf 
3°  3mf 


9  '  ^  5 

Figure  3-8  Second  Stage  and  Gate-Drain  Capacity  Neutralization 
3 o 3  Third  Stage  and  Final  Circuit  Configuration 

The  third  stage  is  similar  in  design  to  the  second 
stage  and  has  a  gain  large  enough  to  give  a  total  system  gain 
of  greater  than  40db„  Referring  to  the  circuit  diagram,  of  the 
complete  amplifier  (Figure  3-9)?  the  currents  through  Q,g  and  Q_ 
were  set  at  lma  and  lOma  respectively 0  cQ  an(^  0  ^were  chosen 
to  give  a  lower  corner  frequency  of  about  200  cps0  controls 

the  upper  frequence  response,, 


Finally  transistors  and  Qg  were  added  to  nrovide 


low  impedance  outputs. 


•  . 


•  i  r' 
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Figure  3-9  Complete  Amplifier  Circuit  Diagram 
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3°  4  Summary  of  the  Amplifier  Testing 

The  electrical  characteristics  of  the  amplifier  fed 
from  a  low  impedance  source  were  investigated  with  the  following 
results : 

Rise  time  =  0»3  microseconds.  (The  test  signal  was  a  4  micro¬ 
second  square  wave  pulse  of  0o2  volts  amplitude,) 

Gain  -  42  db 

The  frequency  response  of  the  amplifier  was  also  measured. 
(Figure  3-10) 


+db 


Figure  3-10  Frequency  Response  of  the  Amplifier 

3<>4ol  Measurement  of  the  Input  Shunt  Capacity 

The  voltage  gain  of  the  amplifier  was  first  measured 

with  C.  very  large,,  (Figure  3-H)  was  then  reduced, 

using  a  small  variable  capacitor,  until  the  voltage  gain  at 

midband  had  dropped  to  one-half  its  value  with  C.  very  large „ 

m 

The  gain  drop  is  due  to  the  capacitor  voltage  divider  formed 

between  C,-  „  and  Co0 
in  o 


. 


>  •  '  -  'f  1 ‘ 
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Figure  3-11  Measurement  of  the  Shunt  Capacity  C 

s 

Therefore : 

C.  1  and  C.  =  C 

m  =  —  ms 

C .  +  C  _  d 

ed  on 
pf . 

m  source 

r esis tanc  e  (Rd)  this  value  of  shunt  capacity  will  further  limit 

( 3 ) 

the  rise  time  of  the  amplifier  to  about  i^crosecondso  v 
Since  it  is  anticipated  that  light  pulses  as  short  as  4  micro¬ 
seconds  duration  will  need  to  be  detected,  the  increase  in 
shunt  capacity  due  to  the  photodiode  and  its  associated  connec¬ 
ting  wire  must  be  kept  within  the  order  of  1  pf  if  the  required 
rise  time  of  the  system  is  to  be  met, 

3*4.2  Measurement  of  the  Amplifier  Noise  Factor 

The  dominant  contribution  to  the  noise  factor  of  the 
amplifier  will  be  the  noise  factor  of  the  inrut  stage,  (Appen¬ 
dix,  equation  (A.l)).  The  noise  voltage  appearing  at  the 


The  value  of  the  variable  capacitor  C.  was  then  measur 

m 

a  LC  meter  and  found  to  be  0.8  pf.  Therefore,  C  =  0.8 

s 

Since  the  amplifier  will  be  used  with  a  1  megoh 


amplifier  output  terminals  with  a  1  megohm  source  resistor 


B 


' 

. 

.  *IXJC  • 


< 


' 


R.  was  measured  using  a  true  RMS  voltmeter  (bandwidth  of 
a 

JOOkc).  The  voltage  so  measured  was  V  -  :  * 9m v ,  The  noise 

JA 

voltage  which  therefore  may  be  thought  of  as  appearing  at  the 

input  of  the  amplifier  is  V!«  where  V!  is  V.  divided  by  the 

gain  of  the  amplifier.,  The  noise  factor  of  the  amnlifier  can 

be  expressed  as  this,  rms  voltage  divided  by  the  rms  voltage 

due  to  the  thermal  noise  in  The  thermal  noise  voltage, 

E  generated  in  R,  over  a  300kc  bandwidth  can  be  found  from 
n  D  d 

-A 

equation  (1,5)  E^  =  0, 71x10  vrms« 

Therefore : 

VA 

F  =  r  =  ui  °-5 

n 

The  large  error  term  is  due  to  sources  of  noise  not  taken  into 
account  such  as  radiated  sources  such  radio  and  T.V,  stations. 
However,  the  measured  noise  factor  agrees  fairly  well  with  the 
noise  factor  calculated  in  the  Appendix, 


. 


I  ? 

■ 


. 
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CHAPTER  4 

System  Mechanical  Design 
4- 0 1  Mechanical  Requirements 

1)  The  system  must  be  compatible  with  the  micr o-partic le 
charger  i.e.  it  must  be  easily  interchangeable  with  the  photo- 
multiplier  tube  and  be  vacuum  tight „ 

2)  Placement  of  the  photodiode  and  associated  optics 
for  maximum  sensitivity,, 

3)  Leakage  capacity  from  the  signal  leads  to  ground 
must  be  kept  low, 

40 2  System  Compatibility 

The  mechanical  details  of  the  micro-particle  charger 
are  such  as  to  place  certain  restrictions  upon  the  physical 
construction  of  the  solid  state  detection  system,,  The  system 
must  be  designed  so  it  can  be  used  in  place  of  the  photomulti- 
plier  tube  with  no  radical  changes  in  the  micro-particle  charger. 
This  is  accomplished  by  having  the  entire  solid  state  detection 
system  (exclusive  of  the  power  supply)  screw  into  the  same 
mounting  base  which  is  used  for  the  photomultiplier  tube, 

(See  photograph  4-2) 0  When  the  solid  state  detection  system  is 
seated  on  a  rubber  O-ring  in.  this  mounting  base,  the  entire 
apparatus  is  vacuum  tight, 

4.3  Optical  System  and  Placement 

As  discussed  in  section  1.4,1  it  was  found  that  the  photo¬ 
diode  must  be  optically  assisted  in  order  to  detect  the  light 
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Photograph  I4.-I 


Disassembled  Photodiode  Detector 


Photograph  4—2.  Complete  System 
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pulses  reflected.  The  collecting  lens  should  be  as  close  to 
the  particle  path  as  is  physically  possible  in  order  to  increase 
the  light  pulse  pick-up.  Due  to  a  light  baffle,  necessary  for 
photomultiplier  operation,  the  nearest  that  the  collecting 
lens  can  approach  the  particle  path  is  12  mm.  (Figure  4-3) « 

The  diameter  of  the  collecting  lens  should  be  as  large 
as  possible  (equation  loll).  However,  since  the  lens  must 
pass  through  an  opening  of  15  x  32  mm0 ,  in  order  to  reach 
within  12  mm0  of  the  particle  path,  the  diameter  of  the  collec¬ 
ting  lens  is  limited  to  less  than  15mm0  (Figure  4  3) 


Photomultiplier 
Mounting  Base 


<-  32  mm  — 


£ 


15mm 


Figure  4-3  Accessibility  to  the  Particle  Path 
4.3.1  Optical  Assistance  System 

The  purpose  of  the  optical  system  is  to  increase  the 
effective  light  intercepting  area-  of  the  photodiode.  This  is 
accomplished  by  using  two  lenses  in  a  condenser  tyre  arrangement 
as  shown  in  figure  4-40 


' 


!!  J  •  1 


' 


Particle 
Path— ^ 


Figure  4-4  Condenser  Lens 

The  above  lens  system  may  be  calculated  by  using  the 

lens  formula  —  +  — ,  =  i  d7)  (4„1) 

s  s v  i 

and  where  light  is  assumed  traveling  from  left  to  right: 
s  =  object  distance  to  the  left  of  vertex 
s'  =  image  distance  to  the  right  of  vertex 
f  =  focal  length  of  the  lens 

In  figure  4-4,  and  L ^  refer  to  the  collecting  and  focal 
lenses  r espec t ively 0 

For  a  focal  length  f^  =  29  mm0  was  chosen^  Assuming 
an  object  distance  for  the  collecting  lens  of  12  mm.  (from 
section  4„3)?  equation  (4-1)  gives  a  value  of  s^  =  -20o4  mm0 
where  the  subscript  1  refers  to  i0e0  the  image  projected 
by  L  is  imaginary  and  20o4  mm,  to  the  left  of  L-^o 
The  object  distance  of  is: 
s2  =  SJ_  +  x 

Where  x  is  the  distance  between  the  lenses  =  5  mm„ 

Thus  s 2  =  25° 4mm „ 

In  order  for  the  light  signal  to  be  concentrated  on 
the  photodiode  the  image  distance  s^  of  L 2  must  be  positive 
(to  the  right  of  ) .  This  implies  that  the  focal  length  f ^ 
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of  must  be  less  than  s^ 
Thus  ^<^25.4  mm. 


A  suitable  choice  is  f^  =  12  mm. 

Substituting  into  (4.1)  results  in  a  final  image  dis- 
tance  of  23  mm0  to  the  right  of  L0 .  This  is  where  the  photo¬ 
diode  should  be  placed. 

The  lenses  chosen  were: 

with  a  11.5  mm  diameter  and  a  29  mm  focal  length,, 
with  a  11.5  mm  diameter  and  12  mm  focal  length,, 

All  the  above  calculations  are  on  the  assumption  that 
infinitely  thin  lenses  are  used.  Since  the  actual  lenses  do 
have  an  appreciable  thickness  the  above  image  distances  can 
only  be  considered  appr oxiraat e „  To  correct  for  any  inaccu¬ 
racies,  and  for  ease  in  setting  up  the  final  system,  both  the 
object  distance  sn  and  the  distance  the  photodiode  is  placed 
from  are  adjustable,,  The  adjustments  are  accomplished  by 
means  of  a  telescoping  slider  which  contains  the  condenser 
lens  system  and  a  copper  tube  probe  which  contains  the  photo- 
diode,,  Photograph  4-1  illustrates  the  disassembled  lens  holder, 
slider  and  probe. 

4.4  Signal  to  Ground  Capacity  Shielding 

The  location  of  the  particle  path  makes  it  necessary 
to  run  the  signal  lead  from  the  ohotodiode  a  distance  of  over 
three  inches  to  the  input  stage  of  the  amplifier.  This  signal 
lead  is  in  close  proximity  to  chassis  ground  during  most  of  this 


. 
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run  „ 
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In  order  to  keep  the  signal  to  ground  capacity  within 
bounds,  both  the  signal  lead  from  the  ohotodiode  and  the  input 
stage  must  be  guarded  from  groundo  The  guarding  is  accom¬ 
plished  by  holding  the  copper-tube  probe  enclosing  the  photo¬ 
diode  and  signal  leads  at  the  signal  potential..  The  input 
stage  is  mounted  directly  at  the  end  of  the  probe,  inside  the 
vacuum,  and  is  completely  enclosed  inside  a  light  copper  pipe 
held  at  the  same  guard  potential.,  Thus  most  of  the  signal  to 
ground  capacity  is  eliminated., 

The  method  of  shielding  is  illustrated  in  photograph 
4-1.  The  sle  eving  on  the  bootstrapped  copper-tube  probe  iso¬ 
lates  the  probe  from  the  chassis  groundo 

The  guard  potential  obtained  from  the  unity  gain  point 
G  in  figure  3~9  and  4-5 °  Thus  this  boots trapping  transfers 
the  input  shunt  capacity  to  the  output  of  the  unity  gain  stage 
where  low  impedance  levels  make  it  insignificant. 

The  remaining  stages  of  amplification  are  mounted  out¬ 
side  the  vacuum  system  upon  the  top  vacuum  plate  (photograph 
4-1  and  4-2).  Connection  is  made  to  the  input  stage  by  means 
of  vacuum  tight  electrical  feed-throughs  attached  to  clip  leads. 
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Figure  4—5  Boc  rapped  Guarding  of  the  input 
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CHAPTER  5 


Summary  of  System  Testing 
5 <>  1  System  Rise  Time  Measurement 

The  photodiode  optical  detection  system  was  first 
tested  outside  the  m^cro-par tide  accelerator  to  determine  if 
the  required  system  rise  time  response  had  been  obtained,, 

The  test  signal  consisted  of  very  weak  light  pulses 
from  a  stobo-tach  (rise  time  of  0„5  microseconds ) „  A  darkened 
room  was  used  to  simulate  the  low  ambient  light  levels  expected 
in  the  micro-particle  charger,,  The  intensity  of  the  light 
pulse  reaching  the  collecting  lens  was  adjusted  by  increasing 
the  distance  between  the  light  pulse  source  and  the  photodiode 

t 

detection  system  (distances  in  the  order  of  20  feet  were  used) 
and  covering  the  strobo-tach  with  layers  of  cloth  until  nulse 
output  of  about  0o2  volts  peak  was  observed  at  the  amplifier 
output  terminals o 

It  was  found  that  the  rise  time  of  the  system  remained 
fairly  constant  over  a  wide  range  of  signal  to  noise  ratios. 

The  rise  times  so  measured  fell  in  the  range  of  "to  4  micro¬ 

seconds.  This  showed  that  the  shunt  capacity  of  the  photodiode 
detection  system  had  been  sufficiently  reduced  to  enable  the 
rise  time  design  criterion  to  be  met. 

5.2  Delay  Time  Measurement 

The  arrangement  shown  in  figure  5-1  was  used  to  measure 
the  delay  time  of  the  photodiode  detection  system.  The  delay 
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Figure  5-1  Measurement  of  the  System's  Delay  Time 
time  between  when  the  strobo-tach  is  triggered  to  when  a 
pulse  output  was  measured.  The  delay  time  so  found  was  0 02 
microseconds o  Part  of  this  delay  time  also  includes  the  time 
between  when  the  stro-tach  is  triggered  to  when  a  light  pulse 
appearso  However,  the  delay  time  is  insignificant  as  the  micro¬ 
particle  will  have  traversed  less  than  0» 1  mm  in  this  time, 

5  0  3  Displaying  of  Output  Signals 

The  outputs  from  the  solid  state  detector  and  a  charge 
sensitive  amplifier  were  displayed  on  two  beams  of  a  delayed 
triggered,  high  retention  oscilloscope.  The  charge  sensitive 
amplifier  detected  the  micro-particles  before  and  after  they 
entered  the  space  containing  the  light  beam.  The  oscilloscope 
was  triggered  by  the  output  of  the  charge  sensitive  amplifier 
whenever  a  particle  passed  through  the  charge  detector  10 
(Figure  5-2),  To  enable  a  faster  sweep  to  be  used  with  the 
solid  state  detector  output  the  triggering  of  channel  A  was 
delayed  from  channel  Bo  The  delay  wa.s  set  as  the  estimated 
time  it  takes  the  particle  to  travel  from  the  charge  detector  1 
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Figure  5-2  Method  of  Displaying  the  Outputs 

to  the  light  beam,,  Charge  detector  2  confirms  if  the  particle 
actually  passed  through  the  light  beam0 

5 “4  Summary  of  the  Testing  and  Results  of  the  Solid  State 

Optical  Detection  System  When  Used  with  the  Micro-Particle 
Charger 

Initially  the  optical  system  of  the  solid  state  detector 

was  adjusted  by  inserting  a  204  mm  diameter  steel  rod  along  the 

axis  of  the  particle  beam  (Figure  5-3)°  The  light  scattered 

from  this  rod  had  enough  60  cps  component  to  be  observed  at 

the  output  of  the  solid  state  detector  amplifier,, 

|  | Solid  State  Optical 

Detector 


Scattered  60  cps  Light 


True  Particle  Beam 


Axis 


Figure  5-3  Apparatus  for  Optical  Adjustment 
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With  the  lens  set  us  close  to  the  light  beam  as  possible 
(Figure  4-3)  the  photodiode  probe  was  adjusted  for  maximum 
scattered  light  pick  up*  This  adjustment  was  very  critical 
with  a  2  mm  misalignment  resulting  in  an  order  of  magnitude 
drop  in  the  observed  output 0 

During  the  course  of  the  following  two  experiments, 
during  which  several  hundred  particles  were  detected  by  the 
charge  sensitive  amplifier,  no  corresponding  signal  pulses 
were  observed  from  the  solid  state  optical  detector*  As  it 
had  been  previously  observed  that  the  adjustment  of  the  optical 
system  was  extremely  critical,  it  was  decided  to  realign  the 
optical  system  by  focussing  it  on  the  light  scattered  from  a 
rod  of  lo3  mm  diameter  positioned  along  the  particle  beam  axis 
as  before* (See  figure  5-3) «  With  this  adjustment  the  solid 
state  detection  system  was  made  more  sensitive  to  particles 
travelling  very  near  the  true  axis  of  the  particle  beam* 
Previously  the  solid  state  optical  detection  system  was  more 
sensitive  to  particles  travelling  near  the  edge  of  the  particle 
beam*  With  the  new  adjustment  it  was  observed  that  the  de¬ 
tection  system  was  nearly  an  order  of  magnitude  more  sensitive 
to  light  scattered  near  the  center  of  the  particle  beam  axis. 

During  the  following  test  more  than  500  particles  were 
detected  by  the  charge  sensitive  amplifier*  Of  these  more  than 
50  passed  through  the  focus  of  the  light  beam  as  was  indicated 
by  their  interception  by  the  second  charge  sensitive  detector. 
(Figure  5-2) 
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In  three  cases  extremely  large  signals  were  observed  from,  the 
charge  sensitive  amplifier  and  at  the  same  time  signal  output 
pulses  were  observed  from  the  solid  state  optical  detector 0 
The  amplitude  of  these  pulses  was  unexpectedly  large  on  both 
the  charge  sensitive  amplifier  and  the  solid  state  optical 
detector  traces.  Therefore  both  traces  went  partially  off 
scale  and  no  positive  correlation  between  the  two  pulses  could 
be  established. 

It  is  therefore  indicated  that  the  optical  detection 
of  the  micro-particles  using  a  photodiode  is  not  feasible 
with  the  present  system.  Thus  even  though  there  is  an  indi¬ 
cation  that  the  solid  state  optical  detector  responds  to  very 
large  particles,  the  frequency  of  occurrence  of  these  large 
particles  is  so  low  that  it  is  experimentally  unfeasible  to 
positively  identify  and  record  these  pulses  without  major 
alterations  in  both  the  charging  and  solid  state  detection 
systems . 

The  following  factors  could  account  for  the  lack  of 
general  particle  detections 

1)  Reflectivity  of  the  micro-particles  could  be  consi¬ 
derably  below  the  assumed  reflectivity  factor  of  0=50.  The 
reflectivity  could  be  as  low  as  1%B  This  low  reflectivity  is 
also  indicated  by  recent  tests  with  a  photomultiplier  optical 
detector  where  output  signals  were  as  low  as  two  orders  of 
magnitude  below  that  expected. 
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2)  Low  usable  power  in  the  light  beam0 
Although  the  concentrated  arc  light  power  in  the  2mm  beam  is 
100  mw  the  actual  light  power  in  the  wavelengths  to  which  the 
photodiode  is  most  sensitive  could  be  much  less0 

Recommendations 

Using  the  experience  gained  from  this  project  a  solid 
state  optical  detection  system,  of  much  greater  sensitivity 
could  be  designed,,  It  is  recommended  that  in  such  a  system 
use  be  made  of  solely  solid  state  devices  including  the  light 
source  0 

Recent  developements  in  semiconductor  light  sources 
has  resulted  in  an  efficient  device  ivhich  will  put  50  milli¬ 
watts  of  light  -power  into  a  90°  cone„  The  light  frequency 
versus  the  output  light  power  of  this  light  source  peaks 
in  the  same  frequency  range  as  the  photodiode's  light  fre¬ 
quency  versus  sensitivity  curve„  The  solid  state  limht.  source 
can  be  heat  sunk  and  mounted  inside  the  vacuum.  Its  small 
physical  size  would  also  enable  it  to  be  placed  very  close 
to  the  particle  beam,  thus  eliminating  the  need  f or  a  con¬ 
centrating  lens  system.  The  photodiode  lens  system  could  also 
be  placed  very  close  to  the  particle  path  at  rimht  angles  to 
the  light  source,  The  very  small  distances  involved  would 
result  in  greatly  improved  light  signal  pick  up  over  the 


present  system,, 
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APPFNDIi 
Noise  Factor 

A.l  To  find  the  noise  factor  of  the  compound 
input  stage,  the  open  loop  equivalent  of  the 
studied  (figure  A-l).  This  can  be  done  since 
feenback  will  not  effect  the  noise  factor  of  the 
the  signal  to  noise  ratio  will  remain  the  sar<  . 


F.E.T,  of  the 
compound  will  be 
the  addition  of 
amnlifier  i0e 


1 

a 


Figure  A-l  Open  loop  equivalent  of  the  hybrid  compound  F.E.T. 

The  open  loop  equivalent  can  be  regarded  as  two  cascaded 
amplifiers  with  noise  factors  of  F^  and  F^ ,  and  power  gains  of 
and  G^.  The  subscript  1  refers  to  the  F0E.T.„  amplifier 
and  the  subscript  2  refers  to  the  silicon  transist or  ?  Q., ,  amplifier 
(figure  A-2). 
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The  noise  factor  of  the  amplifier  cascade  of  figure 


A-2 


.  (20) 

is  : 


(  Ac  1) 


Where 
F  = 


(9) 


Available  noise  power  output 

Aval  la- 


noise  power  output  due  to  thermal  noise  in  R 


P 

_A 

P 

g 


And  :• 

P,  =  4kTB  +  R„i^  +  e^/R,  +  2e  i  V  (A-2) 

A  d  n  n  d  n  n 

P  =  4kTB 
g 

R^  =  internal  resistance  of  the  signal  generator  =  lO^ohms 


v 


Figure  A-3  Noise  signal  to  the  amplifier 

i  and  e  represent  the  noise  signal  generated  in  the  amplifier  A 

n  n 

and  placed  outside  the  amplifier* 

A-2  Calculation  of  Fn 


In  an  FoE.To  the  correlation  coef ficient , 6 ,  between  i 


n 


and  e  is  approximately  zero  and 
n  i 

An  =  2qIGSXB 


(  ) 


2 

'n 


AkT( 1  +  fcl)  df 

g  f 

m 


(A»3) 


r 


. 


Therefore : 


Where 


(A. 2) 
arapli 

Since 
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4kT( 


g 


m 


B  +  f  c  1  in 


(A-4) 


“19 

q  =  electron  charge  =  lo6xl0  coulomb 


GSX  =  gate  source  leakage  current  at  operating  conditions 


of  Q 


1 


B  =  bandwidth  of  the  F.EoTo  amplifier  =  2x10  cps 

"23  o 

k  =  Boltzmann's  constant  =  h 37x10  joules/  K 
T  =  temperature  in  degrees  Kelvin 

g  =  forward  transconductance  of  0,  =  200x10  mhos 
fcl  =  flicker  noise  turn  over  freouency  of  Qn  ~  lkc, 
f^  =  lower  corner  frequency  of  the  closed  loop  amnlif ier =lcps 
f^  =  upper  corner  frequency  of  the  closed  loop  amplifier 
=  2xl0^cps 

Substituting  equations  (A„3)  and  (A„4)  into  equation 
gives  the  equivalent  noise  power  input  to  the  F0EoT„ 


fier 


4kTB  -  2qI-__.BR,  +  iikT  (B  +  fcl  In  ~) 

ub  A  Cl  - -  I 

g  R  ,  1 

°m  d 


•  F  = 

*  r  i 


A 


1  ,  F^  can  be  calculated: 


g 


F  =  lo03 


(A. 5) 
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Ae20l  Calculation  of  G. 


(20 


vo_  /v.2 
l/i 


a2r,/rt 

v  d  L 


The  power  gain  G  can  be  expressed  as  R 

-L 


R 


R  f 

Where  A  n  L  &fs 
vl  ^  - - 

1  +RL  SfB 


where  R. 


*  R//f i»2,  hfe2) 


Avl  ^  Oo  24 
Therefore  G^  ^  48 
A. 5  Calculation  of 


be 


The  noise  factor  F^ 

-  U9) 

expressed  as: 


of  the  silicon  transistor  stage  may 


(A. 6) 


Where : 


F 

o 


1 


1  +Jhfe2 


R 

n 


R  ~  |h  '  h. ,  0 
o  J  i e2  ib2 

R3  ^  R  =  12K 
g 


Substitut 
gives : 
Therefore 
stage  has 


ing  the  mixed  h  parameters  of  into  equation 

F2  =  1.58 

from  equation  (A.l)  the  hybrid  compound  Fd’.To 
a  theoretical  noise  figure  of  F  ~  1.04 


(A. 6) 

input 


. 


